two-photon excitation of hydrogels over planar substrates 11 , or through biogenic routes 12 . Such approaches respectively incorporate only a single chemically distinct function, require optically transparent and photoresponsive materials, or impart a poor degree of ordering and limited thermochemical stability.
Ordered two-dimensional arrays of monometallic or metal/oxide bifunctional nanocrystals have been prepared as model catalysts via electron lithography 13 and drop-casting 14 respectively, but afford extremely low surface areas with co-located active sites. Hence, there are no synthetic routes able to control either the nanoscale spatial distribution, or the communication between, individual functions within three-dimensional porous solids.
A hierarchically ordered macroporous-mesoporous SBA-15 silica framework was synthesized through a new lyotropic true liquid crystal templating route (see Methods), adapting literature methodology 15, 16, 17 , in which a P123 surfactant-templated mesoporous silica network was formed via the acid hydrolysis of tetraethoxyorthosilane around an ordered array of unfunctionalized polystyrene colloidal nanospheres (SEM and polydispersity index <0.1 by DLS, Supplementary Fig. 1 ), as illustrated in Fig. 1a . The judicious combination of polar P123 mesopore and non-polar polystyrene macropore templates facilitates their subsequent independent extraction via different polarity solvents. Exclusive extraction of the polystyrene macropore template was unsuccessful through conventional calcination (or toluene reflux) protocols, due to simultaneous combustion (or dissolution) of the P123 mesopore template. However, a new sub-ambient toluene extraction protocol achieved >95 % selective polystyrene removal as evidenced by TEM and porosimetry ( Fig. 1b and Supplementary Fig. 2 respectively). The resulting 20 m 2 .g -1 material comprised empty macropores formed/abutted by surfactant template-filled mesoporous silica (Fig. 1b) , permitting selective hydrophobization of the macropore network with octyl groups via reaction of triethoxyoctylsilane with exposed surface silanols (Fig. 1c) , confirmed by porosimetry and contact angle measurements ( Supplementary Fig. 3 ). Removal of the remaining P123 surfactant template from within the mesopores was facile under methanol reflux ( Supplementary Fig. 4 ) resulting in a fully-detemplated hierarchical bimodal architecture (Fig. 1d) containing (interconnected) hydrophobic 350 nm macropores and hydrophilic 3.5 nm mesopores. The total surface area of 300 m 2 .g -1 was consistent with reports for macroporous SBA-15 prepared via high temperature template decomposition, and indeed low angle XRD confirmed a p6mm hexagonal arrangement of ordered mesoporous channels. Conventional wet impregnation of this high area porous material with an aqueous metal salt (H 2 PtCl 6 ), followed by a mild (100 °C) reduction under molecular H 2 , yielded chloride-free, fcc metal Pt nanoparticles (NPs) of 2.2 nm mean diameter confined within the mesopores (Fig. 1e) . This spatial localization of nanoparticulate Pt was only possible due to the preceding macropore hydophobization, which directed the water dispersed platinum precursor away from the octyl-grafted macropores (Supplementary Fig. 5 ). Finally, oleylamine-capped, 5.6 ±0.8 nm nm colloidal Pd NPs 18 ( Supplementary Fig. 6 ) were introduced exclusively into the macropores; their diameter preventing access to the smaller mesopores (Fig. 1f) .
Figure 1| Synthetic strategy for spatially orthogonal functionalisation of hierarchical architectures. a,b, Illustrations and bright-field TEM images of (a) parent polystyrene colloidal nanospheres encapsulated within a P123 templated SBA-15 silica network, and (b) ordered macroporous framework after selective removal of polystyrene macropore template via toluene reflux. c, Illustration of selective hydrophobization of macropore framework by triethoxyoctylsilane. d, Illustration and bright-field TEM image of ordered hydrophobized macropores and (inset) ordered mesopores following P123 extraction under methanol reflux. e, Illustration and HAADF-STEM image of mesopore channels selectively functionalized with Pt NPs via aqueous impregnation and reduction. f, Illustration and bright-field TEM image of hydrophobic macropores selectively functionalized with monodispersed 5.6 ±0.8 nm colloidal oleylamine stabilized Pd NPs (highlighted in yellow).
Spatial compartmentalization of small Pt NPs within the hydrophilic mesopores, and larger Pd NPs within the hydrophobic macropores, was verified by HAADF-STEM imaging and EDX analysis (Fig. 2) and additional SEM/DF-STEM imaging ( Supplementary Fig. 7-8 ). Z-contrast imaging and line profile analysis through cross-sections of the ordered mesoporous silica framework spanning two macropores ( Fig. 2a-b) provide compelling evidence for partitioning of the two metals, with Pt only observed within the mesopores and Pd at the macropore perimeter, and NPs localized within the mesopores affording stronger contrast as anticipated for heavier Pt scatterers (Fig. 2c) . Particle size distributions for the spatially orthogonal bimetallic material in Fig. 2d also reveal a bimodal distribution of NPs, with well-defined maxima at 2.4 and 5.5 nm, superimposable with those observed for monometallic Pt or Pd analogues prepared according to the synthetic route in Fig. 1 , and consistent with Pd particle sizes from XRD ( Supplementary Fig. 9 ). Areaaveraged EDX compositions of mesopores and macropores in Cascade reactions are sequential chemical transformations in which the starting substrate undergoes a reaction whose product becomes the substrate for the next step, and so on, until a stable product is reached 19 .
Cascades thus offer great advantages in respect of atom economy, and economies of time, labor, resource management, and waste generation, and permit the use of synthetically enabling intermediates that may not be practical to isolate. Catalytic cascades, in which the product of a reaction catalyzed by species A undergoes a subsequent distinct transformation catalyzed by a second species B, are hindered by the possibility of undesired interactions between the initial substrate and the second active site, or indeed between the two catalytic species 20 . Such highly desirable 'one-pot' catalytic cascades therefore necessitate the spatial separation of each catalytic step. The catalytic advantage of spatially segregating Pt NPs within mesopores, accessible overwhelmingly only through interconnected macropores containing Pd NPs, was explored for the cascade oxidative dehydrogenation of cinnamyl alcohol → cinnamaldehyde → cinnamic acid, the latter an important flavorant and essential oil 21, 22 . Pd is highly selective for catalyzing cinnamyl alcohol oxidation to cinnamaldehyde 23, 24 , but promotes decarbonylation of the resultant aldehyde product; in contrast, Pt favours undesired hydrogenation of cinnamyl alcohol (via reactively-formed surface hydrogen) to 3-phenylpropionaldehyde 25 , but is highly selective towards cinnamaldehyde oxidation to the desirable cinnamic acid product 26 . An optimal catalyst design would therefore ensure that cinnamyl alcohol was oxidized over Pd prior to encountering Pt sites, while permitting the reactively-formed cinnamaldehyde to subsequently access Pt sites for the selective production of cinnamic acid in the second oxidation step.
Such a goal is only achievable through spatial control over the location of Pd and Pt within a hierarchical catalyst, illustrated schematically in Supplementary Fig. 10 , and demonstrated through our catalytic studies below. Localization of different functions within multimodal porous architectures can only enhance selectivity in a cascade reaction if the rate of reactant diffusion is slow relative to the first step in the reaction sequence.
Quantitative comparison of our spatially orthogonal bimetallic catalyst with relevant controls evidences that the rate of cinnamyl alcohol selox over Pd indeed exceeds the rate of cinnamyl alcohol diffusion from macropores→mesopores (Supplementary Equation 1) . The benefits of spatially separating the individual oxidation steps was further highlighted through a spiking experiment in which cinnamic acid was directly introduced to the solution mixture at the start of the reaction, enabling its competitive adsorption with cinnamyl alcohol over Pd within the macropores (Supplementary Fig. 15 ). Cinnamic acid addition promoted undesired cinnamyl alcohol decarbonylation over Pd at the expense of its selective oxidation to cinnamaldehyde. Spatial separation of the selective oxidation step over Pd which produces cinnamaldehyde, from that over Pt which produces cinnamic acid, and controlling the sequence of these two reactions such that cinnamic acid is only formed after the alcohol has already undergone oxidation to the aldehyde is thus 3 ) with 300 rpm agitation. The reaction proceeded for 22 h, after which the solution had turned white due to the formation of polystyrene nanospheres. Solid product was recovered and colloidal crystal arrangement induced by centrifugation (8000 rpm, 1 h). The resulting highly ordered polystyrene colloidal nanosphere crystalline matrix was finally ground to a fine powder for use as the hard macropore directing template.
Hierarchically ordered SBA-15. The hierarchical, bimodal silica support was synthesised via a modified true liquid crystal templating technique 16 to incorporate the polystyrene nanospheres as macropore directing hard templates. Pluronic P123 (2 g) was sonicated with hydrochloric acid acidified water (pH 2, 2 g) at 40
°C to a homogeneous gel. Tetramethoxysilane (4.08 cm 3 ) was added and stirred rapidly for 5 minutes at 800 rpm to form a homogeneous liquid. Immediately following this change in physical state the polystyrene colloidal crystals (6 g ground to a fine powder) were added with agitation at 100 rpm for 1 min to homogenise the mix. The resulting viscous mixture was heated under vacuum (100 mbar) at 40 °C to remove the evolved methanol. After 2 h the solid was exposed to the atmosphere at room temperature for 24 h to complete precursor condensation.
Step-wise template extraction and macropore hydrophobisation. The preceding parent silica support (10 g) was stirred in toluene (100 cm 3 ) at -8 °C for 1 min. The solid was recovered by vacuum filtration and briefly washed with cold toluene. The extraction protocol was subsequently repeated four times to fully extract the polystyrene template, affording an empty macropore network without removal of the P123 mesopore template. The resulting solid (2 g) was stirred in triethoxy(octyl)silane (6 cm 3 ) for 3 min and recovered by vacuum filtration before drying overnight at room temperature. This step introduced hydrophobic character selectivity into the macropores. The macroporous solid (~2 g) was subsequently refluxed in methanol (400 cm 3 ) for 18 h to fully extract the pluronic P123 mesopore directing agent, and recovered by filtration and washing three times with methanol, to yield a macroporous-mesoporous support with differing hydrophobicity between the interconnected pore networks.
Palladium NP synthesis. Near monodisperse palladium NPs of 5.6 ±0.8 nm diameter were prepared adapting the protocol of Mazumder and Sun 18 to employ a readily available borane complex, and extending the duration of particle aging at 90 °C in order to obtain larger NPs. Synthesis was carried out using standard Samples were prepared for microscopy by dispersion in methanol and drop-casting onto a copper grid coated with a holey carbon support film (Agar Scientific Ltd). Images were analysed using ImageJ 1.41
software.
Catalytic cascade oxidation. Catalytic aerobic selective oxidations were performed in a 100 cm 3 Buchi miniclave stirred batch reactor on a 75 cm 3 scale at 150 °C. 12. 27. Zhang, F., Jiang, H., Li, X., Wu, X., Li, H. Amine-functionalized GO as an active and reusable acidbase bifunctional catalyst for one-pot cascade seactions. ACS Catal. CinnCHO production CinnOH consumption
